Klotho is a transmembrane protein that can be shed and act as a circulating hormone and is a putative tumor suppressor in breast cancer. A functional variant of KLOTHO (KL-VS) contains two amino acid substitutions F352V and C370S and shows reduced activity. Germ-line mutations in BRCA1 and BRCA2 substantially increase lifetime risk of breast and ovarian cancers. Yet, penetrance of deleterious BRCA1 and BRCA2 mutations is incomplete even among carriers of identical mutations. We examined the association between KL-VS and cancer risk among 1115 Ashkenazi Jewish women: 236 noncarriers, 631 BRCA1 (185delAG, 5382insC) carriers and 248 BRCA2 (6174delT) carriers. Among BRCA1 carriers, heterozygosity for the KL-VS allele was associated with increased breast and ovarian cancer risk (hazard ratio 1.40, 95% confidence intervals 1.08-1.83, P ¼ 0.01) and younger age at breast cancer diagnosis (median age 48 vs 43 P ¼ 0.04). KLOTHO and BRCA2 are located on 13q12, and we identified linkage disequilibrium between KL-VS and BRCA2 6174delT mutation. Studies in breast cancer cells showed reduced growth inhibitory activity and reduced secretion of klotho F352V compared with wildtype klotho. These data suggest KL-VS as a breast and ovarian cancer risk modifier among BRCA1 mutation carriers. If validated in additional cohorts, the presence of KL-VS may serve as a predictor of cancer risk among BRCA1 mutation carriers.
Introduction
The KLOTHO gene (MIM 604824) was first identified as a potent suppressor of aging (Kuro-o et al., 1997) . Mice homozygous for a mutated klotho allele exhibit a syndrome resembling human aging, whereas klotho over-expression extended mice lifespan (Kuro-o et al., 1997; Kurosu et al., 2005) . Klotho is a 1014-amino acid single pass transmembrane protein (Kuro-o et al., 1997; Matsumura et al., 1998; Shiraki-Iida et al., 1998; Ito et al., 2000) . Its extracellular domain is composed of two internal repeats, KL1 and KL2, which can be cleaved, shed into the serum and act as a circulating hormone (Kuro-o et al., 1997; Ohyama et al., 1998; Shiraki-Iida et al., 1998; Imura et al., 2004; Chen et al., 2007) . Several activities of klotho have been described to date, including retention of the calcium channel TRPV5 (Cha et al., 2008) , activation of FoxO forkhead transcription factors , binding to fibroblast growth factor receptors (FGFR) 1-4 and acting as a co-receptor for FGF23 (Kurosu et al., 2006; Urakawa et al., 2006) . Klotho is also a potent inhibitor of the insulin receptor and the IGF-1 receptor (Kurosu et al., 2006) . As the IGF-1 and the insulin pathways have important functions in breast cancer pathogenesis (Wolf et al., 2005; Yee, 2006) , we have recently studied klotho expression and activities in human breast cancer (Wolf et al., 2008) . High klotho expression was found in normal breast samples, but very low expression occurs in ductal carcinoma in situ and invasive breast cancer. Moreover, over-expression of klotho reduced proliferation and inhibited ligand-dependent activation of the IGF-1 and insulin pathways in breast cancer cells. These data suggest that klotho can behave as a potential tumor suppressor in human breast cancer.
A functional variant of klotho, termed KL-VS, contains six sequence variants in complete linkage disequilibrium, two of which result in amino acid substitutions F352V and C370S. The presence of phenylalanine at a position equivalent to position 352 in the human KLOTHO gene is highly conserved among species and its substitution to valine may alter the excretion and enzymatic activity of the protein (Arking et al., 2002) . Homozygosity for this variant was underrepresented in elderly compared with newborns in various populations (Arking et al., 2002) and was also identified as an independent risk factor for early onset coronary artery disease (Arking et al., 2003) .
Germ-line mutations in BRCA1 (MIM 113705) and BRCA2 (MIM 600185) genes substantially increase lifetime risk of breast and ovarian cancers. Yet, penetrance of deleterious BRCA1 and BRCA2 mutations is incomplete, age-dependent and vary even among carriers of identical mutations (for example, Ashkenazi Jewish, Iceland population) (Levy-Lahad and Friedman, 2007; Begg et al., 2008) . Such observations suggest that other genetic and environmental factors may modify cancer risk in BRCA1 and BRCA2 mutation carriers (Antoniou and Easton, 2006) . Several genetic variants have been reported as modifiers of cancer risk among these individuals (Antoniou et al., 2007 (Antoniou et al., , 2008 . Single nucleotide polymorphisms in RAD51, FGFR2 and MAP3K1 have been linked to increased breast cancer risk among BRCA2 mutation carriers only, and a single nucleotide polymorphism in TNRC9 has been linked to increased breast cancer risk among both BRCA1 and BRCA2 mutation carriers (Antoniou et al., 2007 (Antoniou et al., , 2008 . As klotho is a potential tumor suppressor in breast cancer, we aimed to study the association between the presence of KLOTHO functional variant and risk of breast and ovarian cancer among Ashkenazi Jewish women, non-carriers and carriers of one of three predominant BRCA1 (185delAG, 5382insC) or BRCA2 (6174delT) mutations.
Results
Study population included 1115 women, 909 from the Sheba Medical Center, 162 BRCA1 carriers from the Shaare Zedek Medical Center and 44 BRCA2 carriers from Cedars-Sinai Medical Center. Sixteen patients who were diagnosed with both breast and ovarian cancers were censored according to the first cancer diagnosis (14 presented first with breast cancer and two with ovarian cancer). The patients were divided into three subsets (Table 1) : non-carriers of BRCA1 or BRCA2 mutations (N ¼ 236), BRCA1 mutation carriers (N ¼ 631) and BRCA2 mutations carriers (N ¼ 248).
Similar klotho allele frequencies were noted among non-carriers and BRCA1 mutation carriers regardless of disease status (Table 1) . Thus, FF, FV and VV frequencies were 58, 35 and 7% and 65, 29 and 6% among non-carriers and carriers, respectively (P ¼ 0.16). No statistically significant differences were noted when the analysis was conducted according to disease status within each group or between the two groups (data not shown). Compared to this population of Ashkenazi Jewish women, lower frequencies of the FV and VV variants were previously reported for Bohemian or Baltimore Caucasian (FF-74%, FV-25%, VV-1%) (Arking et al., 2002) .
BRCA1 mutation carriers included 290 unaffected, 246 breast cancer patients and 95 ovarian cancer patients. Adjusted for age at cancer diagnosis, the presence of klotho FV variant in BRCA1 carriers was associated with increased risk of breast and ovarian cancer ( Table 2 , hazard ratio (HR) 1.4, 95% confidence intervals (CI) 1.08-1.83, P ¼ 0.012). Analysis suggested Figure 1 ). The median age at diagnosis was 48 years for FF/BRCA1, 43 years for FV/BRCA1 status and 53 for VV/BRCA1 (P ¼ 0.04 for FF/BRCA1 vs FV/BRCA1, P ¼ 0.186 for VV/BRCA1 vs FF/BRCA1 and P ¼ 0.02 for differences between the three groups). KLOTHO genotype status was not associated with significant differences in age at diagnosis of ovarian cancer among BRCA1 carriers (data not shown).
The KLOTHO gene is located on chromosome 13q12, 616 kb upstream of the BRCA2 gene. Analysis of 248 BRCA2 6174delT mutation carriers showed significantly higher frequency of the FV and VV phenotypes compared with non-carriers. Thus, FF, FV and VV were detected in 10, 69 and 21% of the BRCA2 mutation carriers, compared with 58, 35 and 7% of the non-carriers (Table 1, Po0.0001 for the comparison between the two groups). Analysis of maintenance of the Hardy-Weinberg equilibrium, showed a clear deviation from equilibrium in the BRCA2 population (data not shown), suggesting linkage disequilibrium between BRCA2 6174delT mutation and the KLOTHO-V allele. We assessed possible linkage disequilibrium in all the BRCA2 carriers using the micro-satellite marker D13S171 located between the BRCA2 and the KLOTHO genes at a distance of about B350 kb from each gene. The analysis was consistent with these two genes being in linkage disequilibrium (data not shown). We then constructed a haplotype of the region between BRCA2*6174delT mutation and KL-VS allele, using nine families with both carriers and non-carriers of BRCA2*6174delT (Table 3) . Linkage between BRCA2*6174delT and the KL-VS variant was noted in eight out of the nine families, thus indicating the existence of linkage disequilibrium between the two alleles.
Analysis of KLOTHO variants among BRCA2 carriers showed higher frequency of the FF variant among unaffected compared with cancer patients (Table 4 , 16% vs 7%, P ¼ 0.03). Yet, only 26 BRCA2 carriers, 16 unaffected and 10 cancer patients showed the FF variant and significantly older age was observed among unaffected compared with affected carriers (median age 49 years vs 43 years, Po0.001).
Over-expression of klotho in breast cancer cells inhibits clonal growth (Wolf et al., 2008) . To elucidate whether the klotho variant has reduced ability to inhibit growth of breast cancer cells, a series of colony formation assays was conducted in breast cancer cell lines, which contain either wild type (MCF-7, T-47D) or mutated BRCA1 (HCC-1937) (Tomlinson et al., 1998) . The cells were transfected with either an empty vector (pEF), wild-type human klotho expression vector (pEFhKL) or human klotho-V expression vector, in Figure 1 Age at breast cancer presentation among BRCA1 carriers according to KLOTHO genotype. FF, wild-type KLOTHO; VF and VV, patients heterozygotes or homozygotes for the KLOTHO functional variant, respectively. The median age at diagnosis was 48 years for FF/BRCA1, 43 years for FV/ BRCA1 status and 53 for VV/BRCA1 (P ¼ 0.04 for FF/BRCA1 vs FV/BRCA1, P ¼ 0.186 for VV/BRCA1 vs FF/BRCA1 and P ¼ 0.02 for differences between the three groups). Klotho modifies BRCA1-associated breast cancer risk I Wolf et al which phenylalanine at position 352 has been substituted to valine (pEFhKL-V). Transfected cells were cultured in media containing G418 for 2 weeks and stained to determine the number of surviving colonies. Expression of wild-type klotho reduced the number and size of surviving colonies by up to 95% (Figure 2a ), while expression of the KL-V variant showed reduced growth inhibitory activity (about 70% activity, P ¼ 0.001).
Klotho is a trans-membranal protein, which can be cleaved and shed Chen et al., 2007) . Klotho growth inhibitory activities in breast cancer are probably mediated mainly by its secreted form (Wolf et al., 2008; unpublished data) . It has been shown that the KL-V variant secretion is reduced compared with wild-type klotho (Arking et al., 2002) . To examine the effect of the V mutation on the secretion of the protein in breast cancer cells, MCF-7 cells were transfected with wild-type klotho (pEFhKL), klotho-V (pEFhKL-V) or an empty vector as control (pEF). Klotho secretion into the medium was assessed and compared with klotho expression in the cells. Although klotho-V expression in the cells was elevated compared with wild-type klotho, the secretion of the klotho-V was significantly reduced (Figure 2b ). Albumin immunoblot shows that the differences in klotho levels in the medium were not a result of unequal protein precipitation.
Discussion
We have recently identified klotho as a potent tumor suppressor gene in breast cancer (Wolf et al., 2008) . In this study, we observed that heterozygosity for the KLOTHO-V allele was associated with increased breast and ovarian cancers risk, as well as with younger age at diagnosis of breast cancer, in Ashkenazi Jewish women carriers of BRCA1 mutation. This observation is supported by studies in breast cancer cells, which indicated reduced secretion and growth inhibitory activity of the klotho variant compared with wild-type klotho. The biologic interaction between klotho and BRCA1 has not been elucidated yet. Klotho is a potent inhibitor of the IGF-1 pathway. Recent data indicate an association between mutations in BRCA1 and BRCA2 and the IGF-1 pathway in breast cancer. Thus, IGF-1 levels are increased in cancers from carriers of BRCA1 and BRCA2 mutations, and levels of the IGF-1 receptor are increased in breast cancer from BRCA1 carriers. ), 48 h after transfection medium was replaced with serum-free medium and 6 h later the medium was collected to assess klotho secretion, or cells were washed twice with PBS for the analysis of klotho expression in the cell lysate. Albumin served as a carrier for klotho precipitation in the medium, and thus served also as media loading control.
In addition, intact BRCA1 protein can lower IGF-1 receptor levels in breast cancer cells (Hudelist et al., 2007; Maor et al., 2007) . Klotho-V allele shows reduced excretion and enzymatic activity (Figure 2b ; Arking et al., 2002) . Thus, a possible explanation of our observation is the combination of increased activation of the IGF-1 pathway because of BRCA1 mutation and reduced inhibition by klotho.
Klotho over-expression specifically reduces colony formation of breast cancer cells (Wolf et al., 2008) . Here, we noted reduced growth inhibition following overexpression of a klotho expression vector that contains the phenylalanine to valine substitute. The reduced growth inhibitory activity might be because of decreased secretion of klotho-V to the medium (Figure 2b ). Indeed it has been shown that klotho can be shed from the cells (Chen et al., 2007) , and our recent data suggest that most of klotho growth inhibitory activities in breast, as well as other cancers, are mediated by the secreted part of the protein (Wolf et al., 2008; Wolf et al., unpublished data) . Thus, a possible explanation for the clinical observations is decreased shedding of the klotho variant, which halts its growth inhibitory activities.
No association between the klotho variant and breast cancer was noted among non-carriers of BRCA1 or BRCA2 mutations. Breast cancers among BRCA1 mutation carriers are often HER2-and estrogen receptor and progesterone receptor-negative (triple negative phenotype). In contrast, the majority of breast cancers among non-carriers are estrogen receptorpositive and about 25% are HER2-positive. Klotho does not affect the epidermal growth factor pathway and has not been described to influence the activities of hormone receptors (Wolf et al., 2008) . Thus, it cannot be ruled out that the klotho variant is associated with the development of specific subtypes of breast cancer. This can only be tested in a much larger cohort.
A trend was noted for a lower cancer risk for VV compared with FF status (Table 2 ). This observation may be explained by the relatively small number of BRCA1 patients who harbored the VV genotype. Interestingly, a study of Ashkenazi Jews also showed differential effects of heterozygosity compared with homozygosity for the V allele (Arking et al., 2005) . Thus, heterozygous individuals were at significantly lower risk for stroke, whereas homozygous individuals had significantly higher risk compared with wild-type individuals. Thus, our results may reflect a real protective effect of homozygosity for the V allele against breast and ovarian cancers. The biological explanation for these opposing effects has not been elucidated yet.
We have noted linkage disequilibrium between BRCA2 6174delT mutation and the KLOTHO-V allele. We also noted in BRCA2 carriers significantly lower prevalence of the FF allele among cancer patients compared with unaffected individuals. The analysis is limited by the small number of patients with the FF phenotype in this population, and the age difference between the unaffected individuals and the cancer patients is also a possible confounding factor. Yet, a possible role for the klotho functional variant in cancer development among Ashkenazi Jewish carriers of the BRCA2 6174delT mutation cannot be ruled out.
The results of this study should be viewed with caution. This is a limited study, performed among Ashkenazi Jews carriers of specific BRCA1 and BRCA2 mutations. The role of klotho functional variant in cancer pathogenesis should therefore be explored in a larger cohort of ethnically diverse individuals. If the association of KLOTHO functional variant and breast cancer risk is confirmed in additional studies, klotho status may serve as an identifier of carriers who are at increased risk of cancer development. These individuals may benefit from more intensive follow-up or prevention measures.
Materials and methods

Subjects and clinical data
Study population included consecutive adult women of Ashkenazi Jewish ancestry who were consulted and tested at the Oncogenetics Unit and the Institute of Oncology of the Sheba Medical Center, between 1 January 2000 to 31 December 2006, because of a family history suggestive of an inherited predisposition to breast or ovarian cancers. Women of Ashkenazi Jewish ancestry who were cancer free and had no family history of cancer served as control. All women were genotyped for the presence of three common mutations: BRCA1 (185delAG, 5383insC) and BRCA2 (6174delT). Two additional cohorts were included in the study; 44 women who were screened at the Women's Cancer Research Institute at Cedars-Sinai cancer center in Los Angeles and found to be carriers of the BRCA2 (6174delT) mutations and 163 women who were screened at the Shaare Zedek Medical Center, Jerusalem, Israel and found to be carriers of a mutation in BRCA1 (185delAG or 5382insC). All participants were interviewed for demographic data and personal and family history of breast and ovarian cancers. Patients carrying more than one mutation (n ¼ 4) were excluded from the study. Four subsets of patients were therefore included: (i) women with no personal and family history of breast or ovarian cancer, (ii) women with breast or ovarian cancer non-carriers of the common BRCA1 or BRCA2 mutations, (iii) BRCA1 mutation carriers with or without breast or ovarian cancer and (iv) BRCA2 mutation carriers with or without breast or ovarian cancer. The study was approved by the Ethical Committees of the participating institutions and each participant signed a written informed consent.
DNA extraction DNA was extracted from peripheral blood samples using the Promega DNA extraction kit (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions and tested for the three mutations common in the Ashkenazi Jewish population as described earlier (Rohlfs et al., 1997) .
Genetic analyses for the KL-VS variant
Genotyping the KL-VS variant (rs9536314) was carried out using restriction endonuclease assays. Different methods were used at Sheba Medical Center and at Shaare Zedek Medical Center. The success rate of the genotyping was 99%.
Restriction assay 1 (Sheba Medical Center). Using a naturally occurring restriction site to distinguish the wild-type Klotho modifies BRCA1-associated breast cancer risk I Wolf et al allele from the variant allele. DNA was amplified using the following primers: F: GCCAAAGTCTGGCATCTCTA and R: TTCCATGATGAACTTTTTGAGG. PCRs were preformed in a 25 ml reaction containing 50-100 ng genomic DNA, PCR buffer (Peqlab, Erlangen, Germany), 2.5 mM MgCl 2 , 250 nM dNTPs, 10 pmol of each primer and 1 U DNA polymerase (Peqlab Validation of the genetic analyses Each method was validated by direct sequencing of at least 10% of the samples, and 172 samples were also examined using the 5 0 nuclease assay. Both sequencing and 5 0 nuclease assay fully correlated with the restriction analyses. Linkage disequilibrium between BRCA2 and klotho Marker D13S171, which is located within the APRIN gene, approximately 280 kb upstream to the BRCA2 and 335 kb downstream to KLOTHO was analyzed in all study participants to determine possible linkage disequilibrium between the two genes. Genomic DNA from each subject was PCR amplified using primer sequences and protocols as described (http://www.ncbi.nlm.nih.gov).
Haplotype analysis
To determine whether there is a linkage between the KLOTHO and BRCA2 genes, haplotype structure of the region spanning the distance between these two genes was constructed using three markers: D13S171, D13S1695 and D13S1493. The primer sequences for all markers were retrieved from the Genome DataBase on-line database (www.gdb.org). Markers D13S171 and D13S1695 are intergenic to BRCA2 and KLOTHO, whereas D13S1493 is located downstream to KLOTHO. The three markers span a region of approximately 1.2 Mb (distance from BRCA2 to D13S1493) (Figure 3 ). Nine families were selected for haplotype reconstruction, based on availability of carriers and non-carriers of the BRCA2*6174-delT mutation. Genomic DNA from each subject was amplified by PCR for each marker. The forward primers of each pair of primers were labeled with FAM. Two microlitres of each PCR product were mixed with 0.5 ml of the TAMRA 500 internal size standard (Applied Biosystems Inc., Foster City, CA, USA), and 12 ml of formamide. Samples were read on the ABI Prism 3100 using the GeneScan Software (Applied Biosystems). The GeneScan raw data were analyzed using the Genotyper software to obtain the allele repeat in base pairs. Alleles obtained from the samples were used to construct the haplotype.
Constructs
The human klotho expression vector was constructed by subcloning the full-length cDNA isolated from a human kidney cDNA library into the pEF1 expression vector (Invitrogen, Carlsbad, CA, USA). The substitution F352V was introduced by PCR amplification using primers containing the mutation and verified by nucleotide sequencing.
Cells and transfections
Breast cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). All transfections used LipofectAMINE 2000 (Invitrogen).
Colony assays
Two days after transfection with the indicated plasmids, G418 (750 mg/ml) was added to the culture media; and at day 14, the cells were stained using crystal violet. Untransfected cells were treated similarly, and all died within the 2 weeks of culture in the selection media. Figure 3 The markers and polymorphisms in the BRCA2-KLOTHO region used to reconstruct the haplotype and determine linkage between the two genes.
was performed using AlphaImager 2000 (Alpha Innotech, San Leandro, CA, USA).
Klotho secretion
Secretion assay was conducted as described earlier (Chen et al., 2007) . Briefly, MCF-7 cells grown on six-well plates were transfected with 4 mg of pEF-hKL, pEF-V-hKL or control empty plasmid pEF. Forty-eight hours after transfection cells were washed twice with PBS and incubated with serum-free DMEM for 6 h. Media was collected and centrifuged at 3000 g for 5 min to remove detached cells. BSA (10 mg/ml) was added to the conditioned medium as a carrier protein and as a control for precipitation efficiency. The samples were precipitated with 25% TCA, kept at À20 1C for 5 min and on ice for at least 1 h, and then centrifuged for 15 min at 16 000 g. The protein pellet was washed three times with ice-cold acetone and centrifuged for 5 min at 16 000 g, dried at 100 1C for 10 min and dissolved in 2 Â Laemmli sample buffer at 100 1C for 10 min. Cell lysate protein extraction: after media collection, cells were washed twice with ice-cold PBS and lysed with RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate, 1 mM EDTA, 1 mM NaF) with a protease inhibitor cocktail (Sigma, St Louis, MO, USA). The cell lysate was centrifuged at 16 000 g for 15 min, and the supernatant was collected for SDS-PAGE.
Western blot analysis
Proteins precipitated from media or 50 mg protein extracts were loaded on 10% polyacrylamide gels, separated electrophoretically and blotted from the gel onto nitrocellulose membrane (Schleicher & Schuell Bioscience GmbH, Dassel, DE, USA). The membranes were then immunoblotted with anti-klotho KM2076 antibody (1:2000, kindly provided by Kyowa Hakko Kogy, Tokyo, Japan) or anti-albumin antibody (Dako, Glostrup, Denmark). Band intensities were quantified using ImageJ software.
Statistical analysis
Unaffected women were censored at age of last follow-up or at the age of the relevant prophylactic surgery, whichever came first. Risks for women with breast or ovarian cancer were censored at age of cancer diagnosis. Women with both breast and ovarian cancers were censored according to the first cancer diagnosis. The w 2 test was used to compare differences in klotho allele frequencies between the study groups. Unweighted and weighted Cox regression analysis was used to evaluate specific genotype-associated HR with corresponding 95% CI. The weights were the same as used by Antoniou et al. (2005) . As the unweighted and weighted methods yielded similar HR estimates, we report here the results of the unweighted analysis. Women diagnosed more than 5 years previous to the genetic test were excluded to avoid survival bias. First-degree relatives of a participant who had already been tested were also excluded from the analysis. The method of Kaplan-Meier was used to estimate the distributions of disease-free survival. Po0.05 was considered statistically significant, and all significance tests were two-tailed. Statistical analyses were done using SPSS software. The survival analysis was performed using STATA 10 SE software.
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